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suLmiRY

The heat-transfer theory for eir-coolod &gxws Is
summarized end an analysis of the coolilg pressuro drop
is made for the case in which the presstmo drop IS an
appreciable fraction of the absolute ~rcssure. A chart .
is given for the sirple datormnation of the cooling
pressure drop prcdlct~d on the basis of the usual type
of sea-lc.volcooling-correlation tests- Tne method is
applied to predict tho variation with altitudo of the
cooling pressure drop required by a typical mginc.

INTRODUCTION

In tho studies of rcfcrcncGs 1 to 3 s~.tisfactory
semlompirical methods were devclcpcd for corrclatir~~the
cool]ng-air mass flow with the oper~tin~-conditions of :
an air-coolod ongino. Because pressure drop is a more
prcctical vzr~.ablothan mass flow and bccausG thG prod~ct
of rclativo density and pressure drop (or uAp) was shown to
bo dotmminod by the mass flow, this product.w~s used in
place of mass flow as tho correlation variable. For .
application In hi:h-altitude flight, howevw, the mass
flow no longer uniquely dctcrmlnos @p because of corn.
prcssibility effects, and an extension of tho corn%latlon
methods.5s ncodcd If’the required coolin; prc.ssuk is not
to bo sorlously undcrc:}timatcd. ~O~G discussions Of the -
problom have already bGGn given, togcthur with analyacs
of’tho offocts (rcfercnc~ 4).

The purposo of tho present paper 1s to summarizo
the th~orotical basis for th~ compressibility comcction
and to prosont a chart by moans of which tha correction
can bo mado sin.plyand with a m;.nimumof supplemental
data. Tho theory of reforonco 1 Is first outlined and
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the differential equation @f thd cooling-air flow is th6n
set up in a simplified form and-polved~ Tho chart is a
plot of the ratio of cobIIw pressure drq to absoluto
pressure aqainst a singk parameter that cm bc simply
com.putcdfrom the data?

.

This paper is tho second of the series on hzgh-
cltitudo coolin,2introduced .lnrcfermcc 5.

v Velocity

P dmleity

a r~lativc density (P/0oO0237S) “

q dynamic prossurc

P st.~tiopressure, absolute

& stntlc-pressure drop

T t6mpcrz,turG,% absolute

t tempere.turc,%

AT termoraturc ris~, ‘F

GUPV

R ga~ constant

F prossur~-drop coofficicnt of fin passnqe

w wci~ht flow of cooling air
.

MO weight flow of engine char~o air

%
cylinder kternal area

no cylinder external area

H heat-transfer rztc

L lcn~th of fin passago
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x“ distance along fin passage . . “

b .,...fr,action.of tq~al heat added in front of bsffloa,.. .-

‘Y ratio of spooific heats

m~, n, m, B, AI* K, KI cxporimcntal oonstants

“ Subscripts: “
. .

0

a

1

2

3

m

h

~

i

Elt

SL

bav

frco stream

fr6e-stream stagnation

st~ation r~~dbn.in ““ffiontof cngino

in baf”flocntr~ncc’ ‘

In bcfflc exit .

average botwccn st~tions 2 and 3

..

hcad

~as .

incompressible

at altitude

at Soa kvel

nverago

.’

. .
,

flow I

.

. . . .

BASIC PRINCIPUS OF MT TRANSFER

The heat-transfer equations. - In the theory of heat
trsns~or as dev610md fn roferencc 1. a c~lindor wall is
oonsidcrod as a hoi body at”temperatfire kh, heat6d from
within by a flow of hot ‘gtiaosat tmparature Tg, and

cooled from without by air at tomperaturo T1, The rate
of heat tr-ansfarwithin the cylinder is assumed to vary
as tho product of the tanperature difference Tg - Th

and a heat-transfer oocffioient~ This internal heat-
tramfm oooffioi.ontvaries as aomo powor m of the
weight flow of charge air Me. Thus tho heat transferred
per second is

—
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wh~re .~~ “-..“..

~~ .+~-~~.+ ?.re~ ., . , , , . . . r.

E ?;Gm ~.vcragointernal h6at-tr~nsfar coefficient. .. .
M weight flow of charge air
o . . %.

S,m cxpcirimentalconstants
.,.

On the outside, the heat rcjcctod to tho cooling
air is assured td vary ‘astho product of th~”te~orature
difference ‘h- ‘1 and some powor m? of the weight
flow of coolina air W:

H = KfWm’ao(Th - Tl) (2)
. . . .

where .-

a. external cylinder area

Kfwm’ avGrcgc external heat-transfer coeffici.ant
-.

K!, m~ experimental constants

From equations (1) cnd (2)

, ~mf

[ )
Th - Tl

w—
~T-Th:

E!

. . . . . .
.. .... J“ml ‘ .

.()

. . . . . .
.“ i

J&f. (3a)
Bal . ..

. . . .“

“.. . . .
. . . .

9..
. . . . . . .

. . . .“ . . . ..

. .. .

.+ . ..”
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This aquation is the .f&damont~l rel~b’ionfor the deter-
mination of’the weight flow of cooli:.~air under any
engine oper=ting oondition S@ at ~Y a~titud~”,lf the
engi~o oper~tihg conditions arc oonstdntO *hc altitude
affects the weight flow W rquir~d for COOlin8 o~~Y
insof’arM It affcats Tl,

Discussion of the vcriablcs of equations t3). - Tho

aff’cctivegas tcmporaturc ‘6
for a glvt>nonginc is a

function of the operating condltioss. This tcmpmnturo
Incroascs, for exsmple, with incre~sc 5n car?xuxtor-nlr
tmzpcraturc or with incrcclsGin the.tcm:~cr:turcrise .
through the blower and thereby affects. W md Ap. ~
SorrLccharacteristic curves (flu.‘1) show-that the rcqui&d
cooling pressure drop (roughly proport~oncl to @) was
n~~rly doubled w en tho carburetor illlct-dr t~,mper~t~ro
was lncro?.s~dfrom 100o F to 300° F. As Ehown in rcfcr-
enco 2, T is also sensitive to v;riqtidns in fuel-air

rctio. A slot of the r~lntivc sca-level yrcssurc drop
raquirGd to cool a ccrt~in Gngino nt const?.ntindic~tcd
horscnowa ag~inst fuel-rir ratio’(fZg. 2) shows that
increi~sinuthe fuel-sir r~tio from 0.08 to O.lO.roduccd
tho reqwzwd cooling prcssuro drop by half. .

Figure 2 shows thnt”tho IISC of’ V&l?y km mixtures
likewise rcduccs the requirfd cooling pressure drop, “This
cooling aid, which tni~htbe particul~rly applicable In
the muislng rmge, is-not easily us6d, howev~r, because
without exact methods of fuel metering and without perfe~t
uniformity of the mixture distribution to the different
cylinders, the use of fuel-air r~tios so close to tho
cut-out point bccoms dange”r.ous.

Tho symbol Th of cquatlons (3) was originally
defined.as a tncancylinder-head “temperzturc; hOweVGr,
sntlsfactory correlations of multicylinder ongincts have
boon made with Th taken as the moan rc:l~spark-plug- ~
gasket tcmperatur~. It is probable that other pbints “

.—
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o~ldm~e used equally
would depend

The temperature
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well; the valuoa of exponents m
on the point chosen.

.

.T1
.1stho.e~tornal air temperature

corrcoted for the adi~batlc “tompcwtturcriso resulting
from the airplano speed: .

(1 2
Vo

T1. To + 0.83 —
loo~

(4)

whore the tbmperaturoa are in OF cibsolhtcand V. ia In

f6ct por second.
.“

Vnluos for T., At, m, and :~ cro found by onj?lysis

hf’syatomatic SOn-~GVGl t6st dita.:”aaoord~ngto tLG methods
of rcforenco 1. The exponents rJttid “ml ar~ both
gonorslly about 2/3. Tim valuG of. ‘lg.for cylinder heads
is normally of the order of 1610° F absolute (1150° F)
when tho int~kc manifold tompor~turc is 80° F cnd tho
fuel-air ratio is 0.08; @owover, as clrcady indlcctcd,
this vfilucIs subject”to cons$dcrable variction. It is
affactod, for oxm?lc, by changas in b~ck pr~smn?c; sca-
levol tests showed a dccro-.scof 20 porcont in the
roquircd coolin.

1
pressure drop when the cxhcust manifold

prossuro wcs ha vcd. ThiS d?f’OCtiS Of littlG impOPt2nCo
when a turbosupcrchp.rgcris used because the.b~ck pressure
will bo of the ordGr of sen-level ;rcssurc in the region
of tho orltical nltttudc, .

.0

As elroady remarked, the m=in off~ct of altitude on
the rcquirod weight flow of cooling air results simply
from the variation of T1 with altitude; that is, for
otherw$se constant conditions, “

“*.!

whero the subscript SL rcfei-sto s“oa=l~-vclconditions.
Flguro 3, based on this equation, shows the variation of
W with altitude for s6vcral VCIUCS of .

‘h“ The tempera-
ture of Army air, uncorroctod for fllgkt speed, WRS used
for Tl, and rut was taken as 2/3. Tlm roduotion in
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.requ$redweight flow wlth”inoreasing altitude is seen to
be most pronounced when .Th is low, Because oylinder
barrels are about lSOo F oooler thaq oyli.nderheads,, the bw~els will be expaeted to ovprcool at altitude if
sufficient ooollng pressure drop Is maintained for con-
stant head temperature~ Actually.,the thermal problems
of heads and barrels are not quite independent because
heat Is oonduoted between them.

“ Zn sea-level tests the pressure drop of’the cooling
air has,been shown. experimentally to vkry as u constant
power of its weight flow W2

oAp 00 Wmv/n

where ml/n io very near!y 2; 13ecausethe pressure drops
Ap is more easily measured than W and is also of more
direct interest in practice, UAP has until now replaced
W as a variable in cooling-correlation tests at sea
level. A possible form of equation (3) is thus

(3C)

. .

The modification of this expression necessary for
coolin~ correlation at high altitudes will be next con-
sidepe~,

PRIZSSUR~DROP

Air-flow path. - The assumed path of the cooling air
t~ougli the engine is shown diaCram%atically in figure 4,
together with the static-pressure drops in the different
parts of the path. The air accelerates from the stagna-
tion region 1 in front of the cylinder into the baffle
entrance 2; the static pressure falls by an amount Apa ..

The air then flows along the fin passages, which are
A-z

assumed to be of constant oross section. The static-
pressure drop AP2-S that occurs along the passages is
the sum of’the fr~o~ion pressure
drop necessary to accelerate the

. .

drop and the pressure
air as its density

—— ——
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decreases alo~ the passages. The air finally flows from
the baffle exit into th6 Space behind the.cylinder. The
abrupt enlargement of the flow passages .qausesa dissipat-
ion of most of the kinetiq energy at the baffle exit;
that is, the flow into the sp~ce.b~nd the engine oocurs
at essentially constant static pressure. .we pressure
drop across the .englmqLs.thus s+mpl~ thesum:of A P~.~

and AP2-3.
. .

.“ . . .

Pressure drop at the baffle inlet% - At low altitudes,
‘forw= the entrance.Kach numbers are. low, the pressure

drop API-2 is ; P#2? Fob hi~~br entrance ~:achnumbers,
.,.

the pressur- drop into the baffles is given b? the formula
for compressible flow. It is assumed that the fraction b
of the total heat input occurs without pressure loss in
the stagnation region in front of the cylinder’;that is,
just before the air.acc.qleratesinto the baffles, its
temperature is T1 + bAT, ..whe”reT1 is given by equa-

tion (4) and AT. Is deterwi~d from the heat rejection

and the weight flow. The d:nsity here is P

(J)

T

.,. ., Tl + bAT..

If the flow into the”baffles is isentropic, then, by
the Bernoulli equation,

[(JI

~-1

V2 2Y PIT1+ bAT” ~ ~y.
n=— — “ ~ (5)

P

or

C
‘Y- 1%

() AT
G21+bT

1

L

where G = p2V2= PV along the passaGe,and is given by
the mass flow and the flow area of the baffles. The
ratio p2/pl is thus given as a function of the term on
the left side of this equation; &lPlot Of p2/pL against

() AT
G2 l+b—

T1

,..

is given in figure 50

%%
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‘ For oonvenletioein the use of equatlm (6), fig-
ures 6 to 8 show Tl, PI, and ~1 #or Army a$r plotted

against altitude for several aZ~2Me speeds.t Z* was
assumed that only 90 peroent of the fligh$’dynamic
pressure.ls reooverqd as.static pressure; that 1s,..-.

9

:.. P1’- po m 0.9 (Pa -

where

Pa free-qtream stagnation pressure

P. free-stfieamstatic pressure .

Pressure drop wlthln the baffles. ~ The pressure
decreases albng’the.fin passages as a.result of friction
and acceleration:

where ..

x distance alon~ passage

L len~th of passage

F friction coefficient

is, 4PV2F WOU~d
2

..

for passa~e as a whole (that

be the pressure drop within

the fin passages in absenoe of temperature and
acceleration effects)

This equation is, for convenience, rewritten as follows;.

(7)

In order to simplify the.soluti;n,-&at IS assumed to be
rejeoted uniformly to the cooling air along the passage~

..

—— .. . . . ... . . . . ,- -—. . ,, .
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~ ion.stant ‘(.equal.:.toG),

.d~

P ,..
These two substitutions reduce equation (7) to

Reynolds number, may be evaluated for the me”ahvi-scosity
along the passa~e and treated as a constant. As a

.

further simpliflc’ation,$h6”Yirst tem Zdp is

Integrated by considering %T constant a its mean value

‘3+ T2=T The temperaturem“ TQ is &iven by
2

7--1 ..

7

0

T2 “ P2%— (9)
T1+ bA~ “ “ 1 “ , ‘“

T2 .
The ratio — is-sho~fn flgure”5 as a finotion of

Tl+ MT
..

b
. . “-””G2(”1+b$3“ “ ‘“’}:,.:.,., :;Pipl

....; ,. . . ..,.
Also

.,. .

‘3 ‘T2 ‘+(1 - b)AT” “

. .

Integration-of equationq8) between stattons 2
and 3 gives
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The ratio p3/P2 is thus “determinedby the two dimension- -
“p2~ ~ ‘2f23 - “T2)

less groups and F+ —; this ratio is
~. Tm

plotted as a fu&tion”of these *WO quantities in figure 9.

The pressure d& follows f~om the values of p2/pl

-d P3/P2 determined by equations (6) and (10): .

(11)

Tn applying the theory when b~ pls ad ‘1 are

given, the three quantities G,AT, and F i~st be
lmown. As an illustration of the process of com~ting .
P3 - pl, Euppose pl . 582 pounds per square foot,

Tl = 456° 1?absolute, and P1 = 0.000744 SIU”Jper cubic .
..

foot, with G = 0.2172 SIUG per ~oot2
F = 1, and b = 0.5.

cecond, AT = 123° F,

First compute

, = 0.1236 “

T2
From fi~re 5(a), p2/pl = 0.9338 and —= 0.980

T1 +A:

.- .—
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Now,
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Then
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Tm= T2++AT ““

[ T=0.980 Tl+~+~AT
2 ..4

= 0.980 (456 + 61:5) + 3008

=-537.40 F absolute

.

( J$3- T2
F+2, =1+’*’

m

Also

.

= (0s9338)2X *
456

Om1089 x537,4

= 6.795

From figure 9, therefore,. ---- .

P3
— m 0.885 “

, PQ
-.. .

.

.m. . . . .



NACA ARR Noo IJ4111a

and

= 10X;2 pounds posrsquare

= 19.5 inohes of water

. .

foot- ;

es required to flx “Ap
c~~~u~ati~~t~ be five exoluding b,

this number oan be reduoed. The ratio

. . . . .

,.

P2 ~.l-— (12)
P1 Pa

is completely determined by thre,edimensionless quantities

G2/PIPls AT/Tl, and F, if h is known. It will be

assumed for the remaining development
.

value of p~pl Is determined by use

from the variable

Likewise, P3/P2
the two variables

.

and

that b = $ The

of”.equation(.0)

is found by use of equation (10) from

P22 . .p22 plP1 T1

RG2Tm ~ G – .‘~-T~

,+42
Tm

,.

(13)

.

1
—. —. .-— .-
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+1 ‘““ (14)

= p$;,-) ;lAT‘pa. ——
4 T1

Is obviously determined-by the same variables. Also.. .

. ..

so that “-P3/PI~ .P2ZP1s and hence”“Ap~P1 are known when

G2/Pl~ s ~@/Tl; “and F are known;‘as.was “’tobe.proved.
,.

If the number of variables required to find Ap/~l

could not be reduced tq less th~, t~ee, an obvious way
to simplify the computation of “AP~pl would be to plot

it against one of the th&e dimensionless variables,

say G2JplP1.~ for vdrious values

AT/Tl and F, The use of such a

be awkward in practice.pecause it
a double interpolation ififindinS

of the ot~er $wo,: .

system of c“urvaswould

would generally require
It Is there-AP/PIO _

fore proposed to find a variable to replace GZ/PIP1

such that curves of Ap/pl against the variable will be
as nearly as possible coincident for various values of
AT/Tl and F; that is, an attempt will be made to
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express @/Pi ““in”terms ?f:one~v~~able instead of
. three. . . .. .,-, .,. ., ... ..-

In its passage through.”~e baffle passages, the
oooling airexp.eriences~xpansion due to heating and
pressurG dro~. At very high total pressures the
expansion due to pressr.re”mdrop.Lsne31iTible; the
ooolinf~pressure drop under such circiunstancescan bo
shown to be very roug-hly .

.. .

~ $ [1 ‘Ckk

When Ap/pl is plotted against the

-4*.

for vsrious values of AT/Tl
curves as shown in figure 10
small values of AP/pl, The
of expansion due to pressure

. . .

)+F+T:

and F, the resultant
are nearly coincident for
curves represent th~ effect.
chan~es alone. In grsctico,

these curves can be used in place of the previously -
described calculation to compute Ap. The curves as
c~mputed arc ri~orously correct and are not affected by
the approximation used in choosing th6 form of the
variable . .

~ s (’+:x’+’+:) “%%.:.’.:.. .
..

The only error.in the”uso of thbse.c.upvascomes from
the approximation required in intorpolatim: for different
values Of F and AT/T7● Because of the small separa-
tion of the various curv~s, the errors due to interpola-
tion are ne@iqible comparo~ with experimental errors In
measuring prassure drops. ..

‘Applioatlonof theory to experiment. - It.is apparent
that,ctirtainohanges f’~ompr~ss.ntpractice in testing “

. .

.
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prooedure are required if cooling
altitude are to be predicted- In
UAP, a true mass-flow Index such
and used In the correlation; also
not ordinarily baen used, must be

—— —— .——.
I
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pressure drops at
plaoe of the quantity
as 0 must be bbserved
AT and F, which have

measured.

A more explicit description of a possible procedure
is as follows:-

A mass-flow ind~x (UAP)i

~2
(uAP)~ “~

o

is defined by

(1 + F) (15)

where P. is the sea-level density, 0:002378 slug per

oublc f’oot. The pressure drop AP in (6AP)i might

be observed across a cold engine-at sca level; (UAP)i

is a true mass-flow index and varies for a particular
engine only with G. The variable

( -1

(32 ~+ fl ;

2 P~~~ 2Tl

is then written

,F+A@

T1
)

A curve of F against (~AP)l Is first made by
use of equation (15) and the val~es of G and gAp
measured on a cold engine. Th6 usual type of correla-
tion tests are then made but, in place of GAP, the
new variable (cAP)~ is used to fix tho curvo of

Th - TI
~m/n “ “

against ~ c The variable (a4P)i is

‘K - ‘h (UAP)i

found from figure 10 and.the observed value of”Ap/pl,
observed values of AT/Tl, and F estlmatod by use of
the ourve of F against (ahP)i
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---. . . “~F’ilMLl~,an.efxperiment.a~ourwe of @(Th - Tl)
a~alilat (GAP)~ is made.from these values of (uAp)~ .

.is.cc?mpute.d.T$e .ra~io.AP/Pl? .. ..~apd.hence .Ap, iS found
by use.bf figure”,lO~ . ... .. ~ . . . ,.,.. .....

In f’i,~re11 the”relatiohs of figur’e10 are.plotted
in all@$ly,,df$terent fozqn..we ordinate 1s.the ssme but
the ~pa.ciaS.a,iEl.,(a&P)#JIPl+ “. : ‘p. .; ....

Ijtis’of.Interest to observe ~h~t a correlation... ..
curve of.thp.conventional type ba$ed OM U3AP, .where. . . . .
ti3.‘1s,thb dansity ratio”of the~air”at.the bbffle outlet,

. . .. ‘..,
will predict the required.cooling pressure d“ropswithin
about 5 percent at all altitudes. Because uz ~is not

‘ea”silypr.edlc.tedin pr~otick, the theo~.a~ ~~rived is
“conkidere’dpreferable for ooo)ing corr.elation~-.. . . .. . .
,. Estimation of required ooolin~ pressure drop from
.oonv.en~o~ql,co~r.eut$op.Uataj..-.I~fno c~@le,te c“ooling
data am ~vai-labl.e,.a nough estimate of the,required-.
.0001i~.pmessure &op at .altt@de c= be tide by use of
.a aonventdona.1aooling mr.r~latlan.. . :*.
., . ,. .,., ., ..: ..

~’~ ‘so”lidline of figu;e 12 is such a ourve for a.. .
● . (Th -.T1) .

mode~ qn~.ne; it.is a plot .:of— as a function
i:. . “tTg”- Th) . . ;. .

of the variable Ma1“76hAp. The assumption Is now made
that a similar curve with the variable Me1”76/~A p)~



.* ).:/:.
. . . .

. . .
“, ,,, . .

u
........ . .. ... ... . ITACA~ Mcr+L411sla.:

}.. . . . . . . . .
. .

would be parallel to, but”d’lsplaosdfrom~”-the ~~e. ~ ,
shown; hmce, -only a single:value of .(CAP)i--11

be sufficient to fix the n&’ocmr61attan curve. “Ii
AT/T1 and F are known at one engine oonditlon *lth the

correspondi& value & hP/Pl9 the vaiu~ of (uAp)i Can

be found by usq of figure 10 and the point and curve oan
be located. In predicthg cooling pressure drops at -
altitude, (CAP)i “is found from the ass~ed new correla-

tion curve and F is assumed constant. The tefi AT .
is computed from the data of the one test In which AT
was measured by use of the relatlon .,

...
nl.-+

. AToc(Th - T1) (uAp)i 2
.

where n is the slope of’the correlation curve, Either
figure 10 or figure 11 may then be used to find the
cooling pressure drop at altitude.

In case only single-cyllnder correlation data are
available and the cooling of a multd.cylinder”engineis
required to be.lmown, it should be remembered that some
spread in temperature is expected among the engine oylinderss
In order that no cylinder shall overheat, all but one of
them must be overcooked. The spread between the hottest
and the coldest cylinders Is expected to be as much as
100° F for a modern double-row engine.

Example. - Let it be required to estimate the pres-
sure drop to cool the engine to tiich fi~re 12 pertains
under the following conditions:

..- . . .
Output, horsepower . . . ... . .“.:‘..; ... . w.. . 2000
Altitude, feet..... . . . . ... . . ● .● .a.● i35,000
Airplane speed, miles per our . . . . . . . . , .

%
350

Maximum head temperature, . . . ~ ,.. , . . . , 500
Fuel-air,ratio . . . . . ● . . . , . * , . . 6 . .0.105
Carburetor-air temperature, ‘F. ● ● ● ● ● ● m ● ● 100

In one

13.8 Inches

test at sea level OIAp was found to be

of water for th = 355° F, tl =“81° F, and
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..,‘: ““l, , . “,

From f@ure 10 with

%(+a+si)’=om0353
.. . . . . . . .

Therefore . ,“..s..,...

(~AP)i = 0.0353 0s94 x396,7

,+-)~+.;-) ~ ~
(.. . . - -’ ........ . . .

= 11.9 inches of water

-.!. .

. ,,
*: ..*

Tho ourvo, Af.
In fi re:12;

r1:0.8 2 above

:.. . . .. . +.:.

lm76/oAp
j’.:”’

Me “11.9

?J““”7=/ikiP);
‘.GB

.., e.. ,.b. .“.“.:5” .. ,:.”. ..1. ”5.+’.:....:....

ea~h abscissa’i-s””i%creasedin the ratio
its value on the solid curm.

. ..
.,.
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For the assumed conditions, assume further th --450° F
or 500 F below the limiting head.temperature”d “the”“lmtt”e$t
“cylinder. From figure 6, T1 = 456° ~ absolute or “
t, =-4° F, for the given fuel-air ratio and carburetor~

A“
. .

air temperature” tg = 1054° F, ‘ “as found $’r& the same cor-

relation tests. Then
.

. .

Th -T1 th-tl
-= ~

%
-Th t-th

6

and
,,

, i . A . . . ,.-

. . . . . .

~el;76 “...: - “.; ‘.. ‘ .;.. . . “ . , .
‘3;34 ““ “

K . .
..

From the engln~ ~~Mbratldn.” .’..:..cJ.*. --.

Me _ 4.25.-&xa.&Tper”8e&ond

so that .
q 25 1.76

(uAp)i = ( ‘30~4

= 3.82 Incshesof water

Slnoe9 for (U4P)iE 11.9 inches of water, AT = 61° F,

and since the slope of the correlation curve is 0~321,

AT-61X
()

3,82 O-321-L

r“ .
..2)(.450+4

~

.,
. = 12397”0 F

From figures 7 and 8

P~ = 582 pounds per square foot

= 112 inches of water
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PI =0.000744 slug per oubio foot

or .
. .

u~ =0.3128
,, -,.--w --------..->—-.

Henoe

(~b)i ~+ +AT ~\
( ——

. .

.(,3.82: “l+.
m

x

12%a7 ~

. 0..3.32sx 132 .2 X456., . . . .

.. .. .
i. .=0.01405 .-:.

. .

-)+i23.7x. z-.,.

456 ,. 1+1
.

. .“..
. .

a“
.,. . .. ~0,175” x 582 “:. . By’.useef fi~ro .20, 4P = . = 19.6 inc.hes~of. ,.t. ... 5.Q . . .
water, which Is in satlsfaoto~ a“&eoment with the bxampL?
previously qornputcd~

I~”brder to Illusttiatethe altitude eff’eat,‘thec.alou-
lations were carri~d out for a range of altitude up to
50,000 feet with tg =1054° F md th ~450° F; F waa...
assumed constsnt in the absence of oomplote data:” In order
to show the offGcts of.fuel-elr ratio and of Uhe permis-
sible head temperature, oaloulations were also made for
th = .450°F and tg= 956° F, corresponding to a fuel-
air ‘ratioof 0.115 for this”engine, and for th = 400° F
(with tg = 10540 F) ● The results are plotted in fig-

ure 13. It is seen that floweringthe permissible value
of th only 50° F doubled the required pressure drop,

tiereas lnoreasing the fuel-air ratlo”9.5 peroent
nearly halved the required messurs drop.

The dotted curve In fi.~re 13 represents the dynamic
pressure for an airplano speed or 350 miles per hour,
If this ourvc indicates roughly the pressure available
for cooling the en~inc, it is olear that 2000 horsepower
could normally be obtained on this engine at altitudes
above 40,dO0 feet only byusi~ 5000 F as the l~mltlng
head temperature of’the averago cylinder and enriching -.
the fuel-air mixture moro than is usual with such engines, “

~—---- -––. –-.-.__
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, . . :. ‘ .,
.“ . . .

The curves of figure 13 show tie advantage of rduc-
Ing the spread In cylinder-head temperatures and in fuel-
alr ratio in cases for whioh er@ne oo.olhg at high alti-
tudes mast be improved. .“.

r CONCLUSIONS, .“.“;.
1, Fo~.”~c&&&tc pr~amtatlofi of’cooling data over

the entiro altitude”range, It is recommended that cooling-
alr mass flow or some equivalent variablo be used Instead
of pressure dr~p-in the cortielati~nequation.

.,- ..... ;
2. The simplo’~pproxlmatc.rolat~on between mass flow

and pressur~ drop that applies at s~a level is inaccurate
at high altitude. Accurate computation of tho pressure
drop at hl~h altitudo rcqulres a lmow16dgc of the tempera-
ture rise OX th~:coolin~ air and the friotion coefficient of
tho fins in addition to thi$usual information presented
for low-altitude cooling...

3. A curvo Is shown which greatly simplifies the
prediction of altitudo coolin~ pressure drop from the
correlation data. “ “

4. A method is presented for adapting prosont in-
complete corrolqtion data to predict,altltudo cooling
requirements, Calculations for a mcdern c.nglne show
that the acceleration of.the cooling sir because of
dec~cased”prcssura at 35,000 foct causes nearly a 25 per-
cent increase in pressure drop required for cooling.

Langley Mcmorlal Aeronautical”Laboratory
.National Advisory Committee for Aerounatics

Lanqley Field, Va.
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